JOHANNES
M AYN[VERSITAT

3rd CERN-Fermilab Hadron Collider Physics Summer School
Fermilab, 12-22 August 2008

Matthias Neubert
Johannes Gutenberg University Mainz

Matthias Neubert CERN-FNAL Summer School, Aug. 2008



JOHANNES

M Al‘w\?RSITAT

Outline

e Lecture 1:

Introduction and motivation
Yukawa couplings

CKM matrix, unitarity triangle
Effective weak Hamiltonian

e Lecture 2:
- B-B mixing amplitude

- Inclusive processes: OPE and applications
(Bexc,ulv’ BQXSY)

- Exclusive processes: trees and penguins, CP violation,
searches for New Physics
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Flavo physics

What is “flavor”? ((g) (2) (2)
Generations: triplication of up  charm top
fermion spectrum without :

obvious necessity ‘%’
Dynamical explanation of flavor?

Equally mysterious as dynamics ]

(3) (:)  (3)

down, strange bottom
% §

of electroweak symmetry
breaking

Connection between
two phenomena?
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Flavo physics

e Hierarchies in fermion mass spectrum:

Masses of quarks and leptons

de se Dhe
u-e ce te
V{—® ®V,0V, ee ue Te
Lol 1L | | T ol 1o
= 0)) N o —
@ CBD < @ c% ® M

o Likewise, hierarchies in quark mixings
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Flavor physics
e Flavor physics studies communication between

different generations

« Standard Model: present only in charged-current
interactions s

(d,SL,b)k 2
> .

(UL, b))

Cabibbo-Kobayashi-Maskawa
matrix elements

Matthias Neubert CERN-FNAL Summer School, Aug. 2008




JOHANNES

M Alm\fksnﬁa

Yukawa Couplings, CKM Matrix and
Unitarity Triangle

.........................................
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Yukawa couplins

e Most general, gauge invariant and renormalizable
interactions of Higgs and matter fields:

generation index SU 2 U 1
zb/ Ve V) U ( )L ( )Y
Li ? , 2 1/2
€7, 295 TL
. ur, Cr, tL
.2. : .. . 2 +1/6

e'i% €R IR TR 1 1
u}% up CRr , tR 1 +2/3
dp, dr SR br 1 1/3
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SUR) U(M)y

LT " 40
D : (010)? O =ioyd* : ( Oi) 2 £1/2
P9 — 0

Y: 1 -1/2-1/2  1/3 -1/2+1/6 -2/3 +1/2+1/6
e Y., Y, Y, arbitrary complex 3x3 matrices
o Electroweak symmetry breaking: <¢,0> = v/v2

Matthias Neubert CERN-FNAL Summer School, Aug. 2008




~ " Y~ e 0 : ‘\ & * 200, | TERERES
Z#P | BN N % MAINE

\

Yukawa couplins

e Gauge principle allows arbitrary generation-
changing interactions, since fermions of different
generations have equal gauge charges!

o Usually such couplings are eliminated by field
redefinitions:

ll)i — Uij wj
unitary (i.e., probability preserving) “rotation” in
generation space
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Yukawa couplins

e Diagonalize Yukawa matrices using biunitary

transformations, e.g.:
ye 0 0

Yo=W AU A=]0 g, 0
0 0 yr
e Then perform field redefinitions:
e, > U.e, eg—= W, e
u —=U,u, ug—=W,ug
d —Uyd, dg = W4dg
e This diagonalizes the mass terms, giving masses
m, =y, (v/v2) to all fermions
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CKM matrix

o Effect of field redefinitions on weak interactions
in the mass basis (QCD and QED invariant)

e Charged currents:

d,
Loo =L Wr(ap,en. i)V | sp | +he;  V=Ul,
V2 b
L.

- generation changing couplings proportional to V;;:

d' = ud+W oV, u'—dJ+ W ooV

(Cabibbo-Kobayashi-Maskawa matrix)
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CKM matrix

 Neutral currents:

Enc — 92 Z" Z [fLU;

cos Oy
f

1 =15 :
(Tj‘? Tf — Qg sin” QW) Urfr

Sil’l.2 Qﬂf) I/{’?f R

cancel each other

- no generation-changing interactions!
(at level of elementary vertices)

- GIM mechanism (Glashow-Iliopoulos-Maiani, 1970)
- led to prediction of charm quark (K-K mixing)
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CKM matrix

o Unitary 3x3 matrix V can by parameterized by
3 Euler angles und 6 phases

e Not all phases are observable, since under phase
redefinitions g—e'v«q of the quark fields:

e 0 0 e 0 0 |
Vo 0 e 0 |V o e¥ 0o |, Vy—eay,
0 0 e 0 0 e

e 5 of 6 phases can be eliminated by suitable
choices of phase differences!
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CKM matrix

e Remaining phase 6., is source of all CP-violating
effects in Standard Model (assuming 6qp=0)

- weak interactions couple to left-handed fermions and
right-handed antifermions

- violate P and C maximally, but .
would be invariant under CP and T ( i
if all weak couplings were real 5— 'C

- physical phase of CKM matrix
breaks CP invariance

e Allows for an absolute distinction between matter
and antimatter!
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Seems to BR .
o) (T T8

— y 4..

Matthias Neubert CERN-FNAL Summer School, Aug. 2008



JOHANNES

M Al‘N\?RSITAT

CKM matrix

e CP violation required to explain the different
abundances of matter and antimatter in the
universe (baryogenesis)

e CP violation in quark sector requires N=3 fermion
generations

e Model for explanation of CP violation led to
prediction of the third generation!
Kobayashi, Maskawa (1973)
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CKM matrix

e Form of V not unique (phase conventions)
e Several parameterizations used; a very useful one

is due to Wolfenstein (1983):

Vud Vus Vu.l:- 1 — /\72 A
V= Vi Ve Vi - -2
Vie Vie Vi AN(L—p—in) —AN

e Hierarchical structure in A=0.22

e Remaining parameters O(1)
« Complex entries O(\3)

AN (p —in) \
AN
L)

Matthias Neubert
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CKM matrix

e Jarlskog determinant:
for arbitrary choice of i,j,k,l the quantity

|m(ViijlVil*ij*) =J Xmn Eikm €ln

is an invariant of the CKM matrix (independent of
phase conventions)

e CP invariance is broken if and only if J=0
 Wolfenstein parameterization:
J =0(\%) =0(104) rather small
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Unitarity triangle
e Unitarity relation VT V=V VT =1 implies:
Vji* V]k — 6ik and Vij* Vk] — 6ik |

e For i=k this gives 6 triangle relations, in which a
sum of 3 complex numbers adds up to zero:

Vui* vuk vci* Vck

area = J/2

vti* Vtk
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Unitarity triangl
e Phase redefinitions turn triangles

e For two triangles, all sides are of same order in A;
the unitarity triangle is:

Vb Vg + Vb Veg + Vip Vig =0

e Graphical representation: o)
P,N

~ ViV

_ VJbVUd VEI/Vcd

Vo Ved
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Unitarity triangle determinations

1.5 L L | L | LR I‘&I L 1T T 1 L ]
excluded area has CL > 0.95 . %o |

B £
- Y o i
"0 - & Amg&Am, A
e . e -
05 .
-1.0 E’ i €k —:
' % i Y sol. w/cos 2B <0 -
» ICHEP 08 i (excl. atCL > 0.95) -
_1 .5 i I | | I | L1 | 1t 1 | [ I 1 1 ]
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P
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Effective field thery

e At low energies, the exchange of heavy, virtual
particles (M»E) leads to local effective interactions

M 2

exchange of heavy, virtual particles induced, effective local interactions
between light SM particles at low energies

o Effective field theory offers systematic description
of effects of modes with large virtualities through
an expansion in local operators
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Effective field thery

o Standard Model is most successful effective field
theory to date, even though it leaves open some

queStlonS‘ Higgs mass l(hierarchy problem) |

cosmologicallconstant | renormalingle quantum field theories |

o - % i=
Lepr = Y M+ 2 M2 O 4 Z AP Ol
1 o5 0d=5)
+ — O\=
M /4 : M 2
neutrino masses pOSSlble effects of “new physics”,
(see-saw mechanism) proton decay, flavor physics, ...
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W exchange at low energies

e Fermi theory of weak interactions describes
W-boson exchange in terms of local 4-fermion

couplings
e Consider: b u
b u
E«M,,
W —_— (local operator)

V e

e Fermi constant:  G./V2=g,2/8M,?
- determines scale of weak interactions
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W exchange at low energies

e Semileptonic decay: QCD corrections influence
both graphs in same way

e Resulting “effective” :
interaction for E«M,y:
AG
Lo = ——; Vi € 1({5) ey up Yoy W
C,=1 /\

e Scaling 1/M,% for d=6 operators explains weakness
of “weak” interactions
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W exchange at low energies

« W exchange between four different quark fields
(nonleptonic decays):

e At tree level, analogous treatment as before
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W exchange at low energies

o Complications for loop graphs:

e Naive Taylor expansion of W-boson propagator no
longer justified!
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W exchange at low energies

e Problem with large loop momenta:

1 1 p*
/ p M2 = fp) # Y7} / p ( + 3 i + ) f(p)

e But no differences at low loop
momenta!

e Effect can be calculated and
corrected for using perturbation
theory, since effective coupling :
a.(Myy) is small
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W exchange at low energies

e Resulting effective interaction:

4G —i i —q | =7 i
Log = T; Vi Vi [Crlp) 1) 57 7ucr, @py by + Caop) 8y, @y by |

with Wilson coefficients:

Ye ;\J’Qr 11 ¢
Colp) = —3 2 (1 W _ ) +0(a?).
14 6

— accounts for effects of hard gluons (p~My,)
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|dea of effecive field theory

Separation of short- and long-distance effects;

schematically: 1
/va k2 /Ma, 12 W2 12 Ci(w)
—p?2 k2 p2 2 —p? k2

Short-distance effects (p~My,) are (0:(n))

perturbatively calculable

Long-distance effects must be treated using
nonperturbative methods

Dependence on arbitrary separation scale u
controlled by RG equations
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ldea of effecive field theory

e Why useful?

e Any sensitivity to high scales (including to physics
beyond the Standard Model) can be treated using
perturbative methods:

Ci(n) = MMy, m,u) + CNP(Mp,8xp, 1)

e Nonperturbative methods (operator product

expansion, lattice gauge theory, ...) usually only
work at low scales (typically u~few GeV)
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FCNC rocesses

While generation-changing couplings of W bosons
to quarks exist, flavor-changing neutral currents
such as

b—sy, b—sZ0, b—ssvv, b—sdd, bd—db, etc.
(and others, also for light quarks)

do not exist as elementary vertices in the Standard
Model (GIM mechanism)

Matthias Neubert CERN-FNAL Summer School, Aug. 2008



@ & S = JOHANNES
¥ . ‘ ‘_,_,77 MAl‘N\?RSITAT
FCNC processes

e But such processes can be induced at loop level,
e.g.:

penguin diagram

loop-induced
decay b—svv
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FCNC processes

o Effective interaction at low energies

(E«My,M;,m,):
b S
vV T vV
C(MW’MZ’ mt’ M)

penguin diagram approximated
by local 4-fermion operator
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e Detailed analysis (penguin autopsy) exhibits that
GIM mechanism is “incomplete” in this case:

‘ﬁ. :A-"\.I"" _-“"r_ll.* ;irrl_

How to kill a penguin ...
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FCNC rocesses

e Detailed analysis (penguin autopsy) exhibits that
GIM mechanism is “incomplete” in this case:

> v () = 1) ()]

g=u,c,t

2 2

v ) ()

Unitarity relation:
VisVie + Va Ve + ViV, =0

— residual effect due to nontrivial mass
dependence, often «(m,/M,)? or In(m./ )
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FCNC rocesses

 Rich structure of couplings of Z%,g,y lead to a
plethora of effective local d=6 operators

e Consider, e.g., decays of type b—s+X (or b—d+X,
s—d+X), where X is flavor neutral:

Gp
Hett = —=
TR

SV (G + G0 v Y G,

g=u.c i=3.....10,7v.8g

W-boson exchange | penguin and box graphs |
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Operator basis

e Current-current operators (W exchange):

Q(fv) = (5ipi)v—a (Pjbj)v_a b p=u,c b p=u,c

Q(Qp) = (5pj)v_a (pjbi)v_a

(@1@2)1&‘4 = 6?1’“;"”(1 + "f‘s)QQ

e Results analogous to

earlier discussion):
11 o (M)
6 4

11 (Yg 11["
Cy(My) = 5 L(4ﬂ_u ) :'

p=u,c S p=u,c S

< results quoted at
u=M,, for simplicity
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Operator basis

e QCD penguin operators:
Qs = (5:bi)v_a Z (qjqj)v—a

g=u.d.s,c.b

Qs = (5:bj)v-a Z (7;9:)v—a

q:u.‘d.‘s:c!b

Qs = (5:b:)v_a Z (G495 )via

g=u,d.s,c.b

Qs = (5:b;)v-a Z (759 )v+a

g=u.d,s,c,b
e Results:
- . 1 ~ mf o (M) .
Cy(Myy) = Cs(My) = 6 Eyq (}\[ﬁ) A Loop function:
~ 7
x . 1 ~ mg G‘is(i"fuf) EO(I) = —— 4 O(l/l’)
Cal(ﬂ/fﬂf) — 06(11[ F’V) — 5 E 0 (J.‘L[ér) A 12
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Operator basis

e Electroweak penguin operators:

_ 3
Q7 = (5bi)v_a q_% . §eq (@iq;)via b g b q
o u,c,t
3 et
Qs = Gibi)v-a Y Fea(@avea s
g=u,d.s,c,b W%{ W
3 -
Qo = (5:bi)v_a Z ¢ (75495)v—-a 1
g=u.d.s,c,b F‘f Z
)
3
Qo = (5:bj)v_a Z §€q (7i%)v-a q q

g=u.d,s,c.b

e Results: Loop functions:

Co(My) = f my \ a( M) Cs(My) = Cho(My) = 0 r 4 125
ce M2, 6r S 1AW flz) = 7t3 Inz — ET O(1/x)
2 2 [ Y ]
- o my 1 my Gi(i"f w,,f) @ 3 , ,
Co(Mw) = [f (u&) LT (U&)] ir 9(z) = =5 — g+ 0O(/2)
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Operator basis

e Dipol operators:

E’mb _

QT‘y — 8’}"2 SOy ( -+ “f"'5) FH b
gqmb — w
sy = ]2 Sou (1 +75) GL7ta b

e Results (x=m2/M?) :

1 :
Cry(Mw) = —5 +O(1/a) That’s it !

: (apart from operators
Csg(My) = 7t O(1/x) containing leptons ...)
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FCNC processes

« Consider finally B-B mixing processes mediated by
transitions bd—db or bs—sb

e Effective interaction: d by

Ua) (Ab)v—a(db)y—s

Her x G2 M (Vi Vi)? so(

- dominant contribution by far («m?) P N
due to top-quark loop bs d

- first hint toward very heavy top quark
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